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De novo mutations in the autophagy gene WDR45
cause static encephalopathy of childhood with
neurodegeneration in adulthood

Hirotomo Saitsu!>1%, Taki Nishimura®3-10, Kazuhiro Muramatsu®19, Hirofumi Koderal, Satoko Kumada5,
Kenji Sugai®, Emi Kasai-Yoshida®, Noriko Sawaura%, Hiroya Nishida’, Ai Hoshino’, Fukiko Ryujin®,
Seiichiro Yoshioka®, Kiyomi Nishiyamal, Yukiko Kondo!, Yoshinori Tsurusaki!, Mitsuko Nakashimal,
Noriko Miyake!, Hirokazu Arakawa?, Mitsuhiro Kato®, Noboru Mizushima?? & Naomichi Matsumoto!

Static encephalopathy of childhood with neurodegeneration
in aduithood (SENDA) is a recently established subtype of
neurodegeneration with brain iron accumulation (NBIA)'-3.
By exome sequencing, we found de novo heterozygous
mutations in WDR45 at Xp11.23 in two individuals with
SENDA, and three additional WDR45 mutations were
identified in three other subjects by Sanger sequencing. Using
lymphoblastoid cell lines (LCLs) derived from the subjects,
aberrant splicing was confirmed in two, and protein expression
was observed to be severely impaired in all five. WDR45
encodes WD-repeat domain 45 (WDR45). WDR45 (also
known as WIPI4) is one of the four mammalian homologs

of yeast Atg18, which has an important role in autophagy*>.
Lower autophagic activity and accumulation of aberrant
early autophagic structures were demonstrated in the LCLs

of the affected subjects. These findings provide direct
evidence that an autophagy defect is indeed associated with
a neurodegenerative disorder in humans.

NBIA is a heterogeneous group of neurodegenerative diseases that
are characterized by a prominent extrapyramidal movement dis-
order, intellectual deterioration and deposition of iron in the basal
ganglial~3. Mutations in several genes involved in diverse cellular
processes cause NBIAS. SENDA is a recently established subtype of
NBIA. SENDA begins with early childhood psychomotor retardation,
which remains static until adulthood. Then, during their twenties to
early thirties, affected individuals develop sudden-onset progressive
dystonia-parkinsonism and dementia. In addition to iron deposition
in the globus pallidus and substantia nigra, individuals with SENDA
have a distinct pattern on brain magnetic resonance images (MRI)

of T1-weighted signal hyperintensity of the substantia nigra, with
a central band of hypointensity!->67. SENDA is always sporadic67,
suggesting the involvement of de novo mutations or autosomal reces-
sive traits. To identify de novo or recessive mutations, family-based
exome sequencing was performed including the affected individual,
an unaffected sibling and the unaffected parents.

A total of 180 and 187 rare protein-altering and splice-site variants
were identified per affected subject, which were absent in dbSNP135
data and in 88 in-house control exomes (Supplementary Table 1).
All genes in each subject were surveyed for de novo mutations and
compound heterozygous or homozygous mutations that were consist-
ent with an autosomal recessive trait in each family (Supplementary
Table 2). Two de novo and one autosomal recessive candidate muta-
tions were found in subject 1, and a de novo candidate mutation was
found in subject 2. Only mutations in WDR45 at Xp11.23, encod-
ing WDR45 (referred to here as WIPI4), were common in the two
subjects. A canonical splice-site mutation (c.439+1G>T) was found
in subject 1, and a synonymous mutation located at the last base
of exon 8 (c.516G>C) was found in subject 2, both of which occurred
de novo (Fig. 1a). Sanger sequencing of WDR45 in three other affected
subjects identified one nonsense and two frameshift mutations
(Fig. 1a). The ¢.1033_1034dupAA mutation in subject 5 occurred
de novo. Parental samples for the other two subjects were unavailable.
None of the five mutations were found in 6,500 National Heart, Lung,
and Blood Institute (NHLBI) exomes or among our 212 in-house
control exomes. All subjects with a WDR45 mutation are female.

To examine the effects of the mutations on WDR45 transcription,
RT-PCR and sequencing were performed on total RNA extracted from
the LCLs of subjects. The ¢.439+1G>T mutation in subject 1 and the
¢.516G>C mutation in subject 2 caused 24-bp in-frame and 22-bp

1Department of Human Genetics, Graduate School of Medicine, Yokohama City University, Yokohama, Japan. 2Department of Physiology and Cell Biclogy, Graduate
School and Faculty of Medicine, Tokyo Medical and Dental University, Tokyo, Japan. 3Department of Biochemistry and Molecular Biology, Graduate School and
Faculty of Medicine, The University of Tokyo, Tokyo, Japan. 4Department of Pediatrics, Gunma University Graduate School of Medicine, Gunma, Japan. SDepartment
of Neuropediatrics, Tokyo Metropolitan Neurological Hospital, Tokyo, Japan. 8Department of Child Neurology, National Center of Neurology and Psychiatry, Tokyo,
Japan. 7Department of Pediatrics, National Rehabilitation Center for Children with Disabilities, Tokyo, Japan. 8Department of Pediatrics, Shiga University of Medical
Science, Shiga, Japan. ®Department of Pediatrics, Yamagata University Faculty of Medicine, Yamagata, Japan. 10These authors contributed equally to this work.
Correspondence should be addressed to H.S. (hsaitsu@yokohama-cu.ac.jp), N. Mizushima (nmizu@m.u-tokyo.ac.jp) or N. Matsumoto (naomat@yokohama-cu.ac.jp).

Received 24 October 2012; accepted 29 January 2013; published online 24 February 2013; doi:10.1038/ng.2562

NATURE GENETICS VOLUME 45 | NUMBER 4 | APRIL 2013

43

445



o
o
>
B
2
e
2
L
2
B
<
1]
£
&
2
b3
o
£
P
g
=
=
©
4
[
-
(=]
N
®

Figure 1 Heterozygous WDR45 mutations in individuals with SENDA.
(a) Schematic of WDR45, which comprises 12 exons (rectangles).
The UTRs and coding region are shown in white and black, respectively.
Three mutations were confirmed as de novo; the others were unable

to be confirmed because parental samples were unavailable. Blue

and green arrows indicate the locations of the two sets of primers
used in mRNA analysis. (b) RT-PCR analysis using the blue primer

set (left) and green primer set (right) from a. Whereas control cDNA
samples showed a single product corresponding to the wild-type

allele (WT), an apparently longer product was observed in

subjects 1, 2 and 5, indicating that only the transcripts from the
mutant allele were expressed. In subject 3, both wild-type and mutant
alleles were expressed. Template without reverse transcriptase

was used as a negative control, RT(-). (c) Schematic of the mutant
transcript resulting from the ¢.439+1G>T mutation (red) in subject 1.
A 24-bp insertion caused by the use of a cryptic splice donor site
within intron 7 was observed, resuiting in a p.Gly147Val substitution
followed by an in-frame eight-amino-acid insertion (p.[Gly147Val;
Val147_Leul48ins8]). (d) Schematic of the mutant transcript
resulting from the ¢.516G>C mutation (red} in subject 2. A 22-bp
insertion from the use of a cryptic splice donor site within intron 8 was
observed, leading to a frameshift (p.Asp174Valfs*29). (e) Schematic
of mutant WIPI4 proteins. B-propeller structures and additional

B b HHHE
] N

Subject 3 Subject 1 Subject 2 Subject 4 Subject 5
C.437dupA €.439+1G>T ¢.516G>C ¢.637C>T ©.1033_1034dupAA
p.leut4BAlafs*3  p.[Glyt47Val; p.Asp174Valfs*29  p.GIn213* p.Asn345Lysfs*67
Val147_Leu148Bins8]
No parental sample De novo De novo  No parental sample De novo
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300~
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gesss= =~ =B88  Subject4
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residues caused by mutations are colored in blue and red, respectively. The amino-acid residues of the mutant protein predicted from cDNA
sequences are shown in relation to seven—B propeller structures!3-15. An asterisk indicates the position of the FRRG motifs.

frameshift insertions, respectively (Fig. 1b-d and Supplementary
Fig. 1). The c.437dupA, c.637C>T and ¢.1033_1034dupAA muta-
tions were confirmed in the transcripts (Fig. 1b and Supplementary
Fig. 1). Theoretically, mutant WIPI4 would be severely truncated
in subjects 2, 3 and 4 and relatively conserved in subjects 1 and 5
(Fig. 1e). As human female cells are subject to X-chromosome inac-
tivation, subjects with a WDR45 mutation may have two cell popula-
tions: one expressing a wild-type allele and the other expressing a
mutant allele. Notably, whereas both wild-type and mutant alleles
were expressed in the LCLs of subject 3, the LCLs of the other four
affected subjects exclusively expressed mutant transcripts, suggest-
ing that the wild-type alleles underwent X inactivation in most cells
(Fig. 1b and Supplementary Fig. 1). In fact, X-inactivation analysis
with genomic DNA from peripheral leukocytes showed a skewed pat-
tern in subjects 2, 4 and 5 (analysis was non-informative in subject 1)
(Supplementary Table 3). However, it is unknown whether the wild-
type allele underwent X inactivation in brain tissues as in LCLs and
leukocytes from the subjects.

The clinical features of the individuals with SENDA possess-
ing WDR45 mutations are summarized in Table 1 (see also the
Supplementary Note). Subjects 1 and 3 have been described recently”:.
These individuals showed psychomotor developmental delay from
infancy and severe intellectual disability, while their motor func-
tion gradually developed. In adulthood, severe progressive dystonia-
parkinsonism and dementia developed. Four of the subjects became
bedridden within a few years of onset of cognitive decline. In all sub-
jects, blood concentrations of ceruloplasmin, copper, iron, ferritin and
lactate acid were normal. Brain MRI showed T1-weighted signal hyper-
intensity in the substantia nigra with a central T1-weighted hypointen-
sity band (Fig. 2a-e) and T2-weighted signal hypointensity, suggesting
iron deposition in the globus pallidus and substantia nigra (Fig. 2f-h),
which are characteristic of SENDA. In addition, significant cerebral
atrophy was found (Fig. 2i,j). Substantial differences in the severity of
clinical findings were not observed among the five subjects.

WIPI1, WIPI2, WIPI3 and WIPI4, mammalian Atgl8 homologs,
have an important role in the autophagy pathway*. Autophagy
is the major intracellular degradation system by which cytoplas-
mic materials are enclosed by double-membrane structures called

autophagosomes and subsequently delivered to lysosomes for
degradation®. More than 30 autophagy-related (ATG) genes have
been identified in yeast!®!1, many of which are conserved in higher
eukaryotes and are essential for the formation of the autophago-
somel®12, These factors include subunits of the class III phos-
phatidylinositol 3-kinase complex, and generation of the lipid
phosphatidylinositol 3-phosphate is essential for autophagosome
formation. Atgl8 in yeast and WIPI subunits in mammals associate
with membranes through a phosphoinositide-binding motif (FRRG)
within a seven-f propeller structure!3-15. Atg18 and WIPI proteins
also interact with Atg2 and its homologs in yeast and mammalian
cells, respectively!®17. Autophagic activity in relation to WIPI4
expression was examined using LCLs from the subjects. Immunoblot
analysis of WIPI4 showed lower expression in all five subjects
compared to unaffected individuals (Fig. 3a). Although mutant
WIPI4 protein sequence was relatively conserved in subjects 1 and 5,
the expression of mutant WIPI4 in both subjects was severely
decreased, similar to that of subjects 2, 3 and 4, in whom mutant
WIPI4 was truncated. This suggests that all the mutant proteins are
structurally unstable and undergo degradation. To examine the effect
of the WDR45 mutations on autophagy, an autophagic flux assay was
performed using LCLs. When lysosomal degradation was blocked
by the lysosomal inhibitor chloroquine, the amount of LC3-II (the
membrane-bound form) was higher than in cells without the inhibi-
tor, as for control LCLs (Fig. 3b and Supplementary Fig. 2)!8. The
differences in LC3-II amounts between samples with and without
chloroquine represent the amount of LC3 on autophagic structures
delivered to lysosomes for degradation!'®. In the LCLs from affected
subjects, accumulation of LC3-1I was observed, even under normal
conditions, which was more apparent when autophagy was induced
by the mTORCI inhibitor Torinl (Supplementary Fig. 2a-d). The
increase in the LC3-1I amount by concomitant chloroquine treatment
was significant or tended to be suppressed in the LCLs from affected
subjects, suggesting that the autophagic flux was blocked, probably
incompletely, at an intermediate step of autophagosome formation
(Fig. 3b and Supplementary Fig. 2e).

Consistent with the immunoblot analysis, immunofluorescence
microscopy showed the accumulation of LC3-containing autophagic
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Table 1 Clinical features of subjects with SENDA with a WDR45 mutation

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
Age 33 years 28 years 40 years 51 years 33 years
Sex Female Female Female Female Female
Mutation c.439+1G>T ¢.516G>C ¢.437dupA c.637C>T ¢.1033_1034dupAA
Protein alteration p.[Glyl47Val; p.Aspl74Valfs*29 p.Leul48Alafs*3 p.GIn213* p.Asn345Lysfs*67
Vall147_Leul48ins8]
Neurological symptoms
Current status Bedridden Wheelchair Bedridden Bedridden Bedridden
Initial symptom Psychomotor retardation Psychomotor retardation Psychomotor retardation Psychomotor retardation Psychomotor retardation
Initial walking 3 years 2 years 7 months 2 years 2 months 1 year 6 months 1 year 6 months
Speech ability No word One word No word Two-word sentences Few words
Cognitive dysfunction Nonprogressive Nonprogressive Nonprogressive Nonprogressive Nonprogressive
during childhood
Start of cognitive decline 26 years 25 years 30 years 24 years 23 years
Period until bedridden 4 years - 3 years 1 year 6 years
after decline
Dystonia + + + + +
Parkinsonism Rigidity, akinesia Rigidity, akinesia Rigidity Rigidity Rigidity, tremor, impair-
ment of postural reflex
Progressive dementia + + + + +
during adulthood
Psychiatric symptoms Aggressive behaviors Aggressive behaviors None None Anxiety
Epileptic seizure + + FS None +

Radiological features
MRI
Iron deposition

Central band of

T1 hypointensity
Cerebral atrophy

Eye of the tiger sign

White matter involvement

Cerebellar atrophy
CT findings

Globus pallidus,
substantia nigra
+

Moderate at 25 years,
remarkable at 32 and
33 years

Mild at 25, 32 and 33 years

High density in
globus pallidus

Neurophysiological examination

EEG

EMG
VEP
ABR

Bilateral frontal spike

NE
Normal

Low amplitude,
normal latency

Globus pallidus,
substantia nigra
+

Moderate at 25 and
27 years

Mild at 25 and 27 years
Mild high density in
substantia nigra

Bilateral frontal spike,
low voltage, slow wave

NE
NE
NE

Globus pallidus,
substantia nigra
+

Mild at 33 years,
remarkable at 39 years

Mild at 33 and 39 years
High density in
substantia nigra

Low voltage
Dystonic pattern

Prolonged P100 latency
No response at 100 dB

Globus pallidus,
substantia nigra
+

Mild at 27 years,
remarkable at 46 years

Mild at 27 and 46 years

High density in ventral
midbrain

Abnormal
Normal

NE
NE

Globus pallidus,
substantia nigra

+

Remarkable at 33 years

Mild at 33 years
High density in globus
paltidus

Abnormal

NE
Normal
NE

FS, febrile seizure; EEG, electroencephalogram; EMG, electromyogram; VEP, visual evoked potential; ABR, auditory brainstem response; NE, not examined.

structures in the LCLs from affected subjects, some of which were
abnormally enlarged compared with those observed in control LCLs
(Fig. 3c,d). Therefore, we examined whether these LC3-positive

Figure 2 Brain MRIsat 3.0 Tand 1.5 T.

(a—e) T1-weighted imaging shows hyperintensity

of the substantia nigra with a central band of
T1-weighted hypointensity (arrowheads). Images
are shown for subject 1 at 33 years (a), subject 2
at 25 years (b), subject 3 at 39 years (¢), subject 4
at 46 years (d) and subject 5 at 33 years (e).

(f-h) T2-weighted imaging shows marked
hypointensity of the globus pallidus (arrows),
suggesting iron deposition. Cerebral atrophy and mild
cerebellar atrophy are also seen. Images are shown for
subject 1 (f), subject 2 (g) and subject 3 (h). (i,j) The
fluid attenuated inversion recovery (FLAIR) image

of subject 1 (i) and the T1-weighted FLAIR coronal
image of subject 2 (j) also show cerebral atrophy.

structures in fact included premature or abnormal autophagic
structures, A recent study showed that knockdown of Wdr45 in rat
kidney cells and mutation in epg-6 (encoding a WIPI4 homolog)
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Figure 3 Defective autophagy in LCLs derived from subjects with SENDA. (a) Immunoblot
analysis of the WIP14 protein (apparent mobility at ~35 kDa) in LCLs (top). Truncated
forms were not detected (middle). HSP90 was used as a loading control (bottom). An
asterisk indicates nonspecific immunoreactive bands. (b) Cells were treated with 250 nM
Torinl in the presence or absence of 20 uM chloroguine for 2 h. Cell lysates were analyzed
by SDS-PAGE and immunoblotting using antibodies to LC3, WIP14 and HSP90. The
positions of LC3-I (cytosolic) and LC3-11 (membrane bound) are indicated. (c-e) Cells were
cultured in the presence of Torinl for 2 h. (¢) Cytospun cells were fixed and analyzed by
immunoflucrescence microscopy using antibodies to LC3 and ATG9A. Abnormal colocalization
of LC3 with ATGOA was observed in the LCLs of affected subjects. Scale bars, 10 um and ,-a\r;@ g
1 um in the inset. (d,e) The numbers of LC3* (d) and LC3+ATGOA* (e) foci were quantified &

from more than 20 images from 3 independent samples (Online Methods). Data are
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presented as mean * s.e.m. *P < 0.05, ANOVA followed by Bonferroni-Dunn post-hoc test.

in Caenorhabditis elegans cause accumulation of early autophagic
structures®. One supposed function of WIPI4 (Epg-6) is to regulate
the distribution of ATG9A-marked vesicles®, which transiently local-
ize to the autophagosome formation site and induce autophagosome
formation!%20, ATGYA is absent from completed autophagosomes in
mammalian cells; therefore, colocalization of ATG9A and LC3 is rare.
However, enlarged structures positive for both ATG9A and LC3 accu-
mulated in LCLs from all five subjects (Fig. 3c.e), indicating improper
autophagosome formation.

The importance of the housekeeping activity of autophagy in
neurons, as well as the ubiquitin-proteasome system, has been dem-
onstrated in mice. Mice lacking autophagy in the central nervous
system developed progressive motor and behavioral deficits?1:22,
Histologically, inclusion bodies containing polyubiquitinated proteins
were observed in neurons, and their size and number increased with
age?122, Neuronal cell death was observed in subsets of neurons?!2?,
implying that the impairment of autophagy contributes to the patho-
genesis of neurodegenerative disorders. Indeed, dysregulation of
autophagy has been suggested in various neurodegenerative disor-
ders in humans?3. In addition, mutations in PARK2 and PINK1, both
of which cause familial Parkinson’s disease?425, impair the selective
autophagic degradation of damaged mitochondria, called mitophagy
(PARK?2, also called Parkin, is recruited to damaged mitochondria in
a PINK1-dependent manner)2627, However, a direct link between the
core autophagy machinery and human neurodegenerative disorders
has not been reported. Here, we showed that mutations in WDR45,
a core autophagy gene, result in a neurodegenerative disorder. Notably,
the autophagy defects were partial, implying that some autophagic
activity could be maintained in the neurons of affected subjects. We
hypothesize that this might be a possible explanation of why child-
hood intellectual disability in individuals with SENDA remains static
until adulthood, unlike in other forms of NBIA!-3, In contrast to
heterozygous WDR45 mutations in females, hemizygous germline
mutations in males, leading to the expression of mutant WDR45 in all
cells, possibly cause lethal phenotypes from complete loss of WDR45
function, as mice defective in autophagy die shortly after birth?8-32,
While this paper was under review, Haack et al. reported WDR45
mutations in 20 subjects, including 3 males, 1 of whom possessed

a mutation that was somatic mosaic, supporting the idea that male
germline mutations could be lethal33.

WDR45 is widely expressed in human tissues, with the highest
expression found in skeletal muscle34. Nevertheless, SENDA pheno-
types seem to be limited to the brain. These facts may reflect cell
type-dependent differences: autophagy could be more important in
neurons (non-dividing, terminally differentiated cells) than in LCLs
(rapidly dividing cells). In addition, it is possible that the other WIPI
homologs (WIPI1, WIPI2 and WIPI3) could compensate for the defi-
ciency in WIPI4 in a cell type-dependent manner, and the relative
contribution of WIPI4 among WIPI factors may be high in neurons.

In conclusion, heterozygous mutations of X-linked WDR45, a
core autophagy gene, were identified in SENDA, providing direct
evidence that an autophagy defect is indeed associated with a neuro-
degenerative disorder in humans.

URLs. NHLBI Exome Sequencing Project, http://evs.gs.washington.
edu/EVS/; Picard, http://picard.sourceforge.net/; SAMtools, http://
samtools.sourceforge.net/; dbSNP, http://www.ncbi.nlm.nih.gov/
projects/SNP/.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Reference sequences are available from GenBank
for Homo sapiens WDR45 transcript variant 1 mRNA (NM_007075.3)
and WIPI4 isoform 1 (NP_009006.2).

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Subjects. We analyzed five Japanese individuals with SENDA. Diagnosis was
made on the basis of clinical features, including psychomotor retardation
at early childhood that was static for decades and severe progressive dystonia-
parkinsonism and dementia after several decades, as well as characteristic
findings on brain MRI scans. Genomic DNA was isolated from blood leu-
kocytes according to standard protocols. The Institutional Review Board of
Yokohama City University approved the experimental protocols. Informed
consent was obtained for all individuals included in this study in agree-
ment with the requirements of Japanese regulations. Clinical information
on the subjects with a WDR45 mutation is presented in Table 1 and in the
Supplementary Note.

Mutation screening. Mutation screening of exons 3-12 covering the WDR45
coding region (of transcript variant 1, GenBank accession NM_007075.3)
was performed by direct sequencing. PCR was performed in a 20-ul mixture
containing 1 pl of genomic DNA, 1x PCR Buffer for KOD FX NEQ, 0.4 mM
of each ANTP, 0.3 pM of each primer and 0.4 U of KOD FX NEO polymer-
ase (Toyobo). Details on PCR conditions and primer sequences are given in
Supplementary Table 4.

Exome sequencing. Genomic DNA was captured using the SureSelect Human
All Exon v4 kit (51 Mb; Agilent Technologies) and sequenced with four sam-
ples per lane on an Illumina HiSeq2000 with 101-bp paired-end reads. Image
analysis and base calling were performed by sequence control software real-
time analysis and CASAVA software v1.8 (Illumina). Reads were aligned to
GRCh37 with Novoalign (Novocraft Technologies). Duplicate reads were
marked using Picard (see URLs) and excluded from downstream analysis.
After merging the BAM files of all members in each family using SAMtools,
local realignments around indels and base quality score recalibration were
performed with the Genome Analysis Toolkit (GATK)%. Single-nucleotide
variants and small indels were identified using the GATK UnifiedGenotyper
and filtered according to the Broad Institute’s best-practice guidelines (ver-
sion 3). Variants registered in dbSNP135, which were not flagged as clinically
associated, were excluded. Variants that passed the filters were annotated
using ANNOVAR?,

RNA analysis. LCLs were established from five affected subjects and their
family members. RT-PCR using total RNA extracted from LCLs was performed
as previously described?”. Briefly, 4 jig of total RNA extracted with an RNeasy
Plus Mini kit (Qiagen) was subjected to reverse transcription, and 2 ul of
¢DNA was used for PCR. Details on primer sequences and PCR conditions
are given in Supplementary Table 4. PCR products were electrophoresed in
a 10% polyacrylamide gel and sequenced.

X-inactivation analysis. The X-inactivation pattern was studied using the
human androgen receptor (HUMARA) assay and a fragile X mental retarda-
tion (FRAXA) locus methylation assay as previously described3$-%, Briefly,
genomic DNA from the subjects, a control male and a control female was
digested with two methylation-sensitive enzymes, Hpall and Hhal. Details on
PCR conditions and primer sequences are given in Supplementary Table 4.
Fluorescently labeled products were analyzed on an ABI PRISM 3500 Genetic
Analyzer with GeneMapper Software version 4.0 (Applied Biosystems).
X-inactivation ratios of less than or equal to 80:20 were considered to represent
a random pattern, ratios greater than 80:20 were considered to represent a

skewed pattern, and ratios greater than 90:10 were considered to represent a
markedly skewed pattern38.

Cell culture. LCLs were cultured in RPMI 1640 supplemented with 10%
FBS, L-glutamine, tylosin and antibiotic-antimycotic solution in a 5% CO,
incubator.

Immunoblotting. An affinity-purified rabbit polyclonal antibody against
‘WIPI4 peptide antigen (CFPDNPRKLFEFDTRDNP, amino acids 129-145) was
generated by Medical & Biological Laboratories. The specificity of the antibody
was tested using lysate from HeLa cells in which WDR45 was knocked down.
For immunoblot analysis, cells were lysed with lysis buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethanesul-
fonyl fluoride and a protease inhibitor cocktail (Complete EDTA-free protease
inhibitor, Roche)). Cell lysates were clarified by centrifugation at 12,000g for
20 min and analyzed by SDS-PAGE and immunoblotting using antibodies to
‘WIPI4, LC3 (ref. 41) and HSP90 (BD Transduction Laboratories, 610418).
Signal intensities were analyzed using a LAS-3000 mini imaging analyzer and
Multi Gauge software version 3.0 (Fujifilm). Contrast and brightness adjust-
ments were applied to the images using Photoshop 7.0.1 (Adobe Systems).

Fluorescence microscopy. LCLs were spun onto a glass slide at 500 RPM (28g)
for 1 min in a Shandon Cytospin 4 cytofuge (Thermo Electron). Cells were fixed
with 4% paraformaldehyde, permeabilized using 50 pg/ml digitonin and then
stained with antibodies to LC3 (clone 1703, Cosmo Bio) and Atg9A. Cells
were observed with a confocal laser microscope (FV1000D IX81, Olympus)
using a 60x PlanApoN oil immersion lens (1.42 numerical aperture (N.A.),
Olympus). For final output, images were processed using Adobe Photoshop
7.0.1 software. The number of staining foci was determined as follows: foci
were extracted using the top hat operation (parameter of 300 x 300 pixel
area), and a binary image was created. Small foci (with an area of less than
10 x 10 pixels) were removed using an open operation. The number of foci
was counted using the integrated morphometry analysis program. False foci
were removed by comparison with the original image.

Statistical analysis. Differences were analyzed statistically using unpaired
t tests or analysis of variance (ANOVA) with a Bonferroni-Dunn post-
hoc test.

35. DePristo, M.A. et al. A framework for variation discovery and genotyping using
next-generation DNA sequencing data. Nat. Genet. 43, 491-498 (2011).
36. Wang, K., Li, M. & Hakonarson, H. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res. 38, el64
(2010).
37. Saitsu, H. et al. STXBPI mutations in early infantile epileptic encephalopathy with
suppression-burst pattern. Epilepsia 51, 23972405 (2010).
38. Kondo, Y. et al. A family of oculofaciocardiodental syndrome (OFCD) with a novel
BCOR mutation and genomic rearrangements involving NHS. J. Hum. Genet. 57,
197-201 (2012).
39. Allen, R.C., Zoghbi, H.Y.,, Moseley, A.B., Rosenblatt, H.M. & Belmont, J.W.
Methylation of Hpall and Hhal sites near the polymorphic CAG repeat in the human
androgen-receptor gene correlates with X chromosome inactivation. Am. J. Hum.
Genet. 51, 1229-1239 (1992).
40. Carrel, L. & Willard, H.F. An assay for X inactivation based on differential methylation
at the fragile X locus, FMRI1. Am. J. Med. Genet. 64, 27-30 {1996).
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regulated autophagy and a role for autophagy in controlling cell size. FEBS Lett.
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Clinical spectrum of SCN2A mutations
expanding to Ohtahara syndrome

Kazuyuki Nakamura, MD  ABSTRACT
Mitsuhiro Karto, MD, PhD
Hitoshi Osaka, MD, PhD

Sumimasa Yamashita, MD, ) . : . . . .
PhD Methods: We recruited a total of 328 patients with EOEE, including 67 patients with Ohtahara

Eiji Nakagawa, MD, PhD syndrome (OS) and 150 with West syndrome. SCN2A mutations were examined using high res-
Kazuhiro Haginoya, MD, olution melt analysis or whole exome sequencing.

PhD Results: We found 14 novel SCN2A missense mutations in 1.5 patients: 9 of 67 OS cases (13.4%), 1 of
Jun Tohyama, MD, PhD 150 West syndrome cases (0.67%), and 5 of 111 with unclassified EOEEs (4.5%). Twelve of the
Mitsuko Okuda, MD, PhD 14 mutations were confirmed as de novo, and all mutations were absent in 212 control exomes. A de
Takahito Wada, MD, PhD  noyo mosaic mutation (¢.3976G>C} with a mutant allele frequency of 18% was detected in one
Shuichi Shimakawa, MD,  patient. One mutation (c.634A>G) was found in transcript variant 3, which is a neonatal isoform. All

PhD 9 mutations in patients with OS were located in linker regions between 2 transmembrane segments. In
Katsumi Imai, MD 7 of the 9 patients with OS, EEG findings transitioned from suppression-burst pattern to hypsarrhyth-
Saoko Takeshita, MD mia. All 15 of the patients with novel SCN2A missense mutations had intractable seizures; 3 of them

gisa_kikhi;';g*’ MD were seizure-free at the last medical examination. All patients showed severe developmental delay.
orit Lev,
Tally Lerman-Sagie, MD Conclusions: Our study confirmed that SCN2A mutations are an important genetic cause of OS.

David E. Cervantes- Given the wide clinical spectrum associated with SCN2A mutations, genetic testing for SCN2A
Barragdn, MD should be considered for children with different epileptic conditions. Neurology® 2013;81:092-998

Camilo E. Villarroel, MD
Masaharu Ohfu, MD, PhD GLOSSARY

Karin Writzl, MD, PhD BFNIS = benign familial neonatal-infantile seizures; DS = Dravet syndrome; EOEE = early-onset epileptic encephalopathy;
HRM = high resolution melt; 0S = Ohtahara syndrome; WES = whole exome sequencing; WS = West syndrome.

Objective: We aimed to investigate the possible association between SCN2A mutations and early-
onset epileptic encephalopathies (EOEEs).

Barbara Gnidovec StraZisar,

Shil\:igiir;lllibayashi, MD, Early-onset epileptic encephalopathies (EOEEs) include Ohtahara syndrome (OS), early myoclonic

PhD epileptic encephalopathy, West syndrome (WS), Dravet syndrome (DS), and other diseases.> OS is
David Chitayat, MD characterized by an early onset of spasms, mainly in the neonatal period, intractable seizures, and a
Diane Myles Reid, MSc ~ suppression-burst pattern on EEG.> WS is characterized by spasms, an EEG finding termed hyp-
Kiyomi Nishiyama, PhD  sarrhythmia, and arrest of psychomotor development.? De novo mutations in STXBPI, KCNQ?2,
Hirofumi Kodera, PhD — CDKT 5, ARX, and SPTANTI are known causes of OS and WS.>
Mitsuko Nakashima, MD, Voltage-gated sodium channels consist of 1 o subunit and 1 or 2  subunits. The a subunit

PhD forms a pore structure, and is composed of 4 domains (domains I-IV), each containing 5

Yoshinori T aki, PhD
N‘fri;;o;\l/ﬁysallfe!jsMD, php hydrophobic segments (S1, S2, S3, S5, S6) and 1 positively charged segment (S4).'* The

Kiyoshi Hayasaka, MD, voltage-gated sodium channel repertoire in humans includes 9 o subunits (Na,1.1-Na,1.9).
PhD Na,1.1, Na,1.2, Na,1.3, and Na,1.6, encoded by SCNIA, SCN24, SCN3A4, and SCN8A,
Naomichi Matsumoto,
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respectively, are highly expressed in the human

brain,'® and mutations can cause epilepsies and

psychiatric disorders.'*"”

Most SCN2A mutations cause benign pheno-
types such as benign familial neonatal-infantile
seizures (BENIS),'® and are usually inherited
from an affected parent. In contrast, several de
novo SCN2A mutations have been reported to
cause more severe phenotypes,*'** suggesting
a possible involvement in severe epileptic
encephalopathies.

To elucidate the genetic basis of OS, we per-
formed exome sequencing and found a de novo
SCN2A mutation. Subsequently, we screened
patients with EOEE for SCN2A4 mutations,
and found that de novo SCN24 mutations con-
tributed to the development of severe epileptic
encephalopathies.

METHODS Patients. A toral of 328 patients with EOEE (67
patients with OS, 150 with WS, and 111 with unclassified EOEE)
were analyzed for SCN2A mumtons. The 67 patients with OS con-
sisted of 44 Japanese and 23 non-Japanese (from other countries). The
diagnosis was made based on dlinical features and characteristic pat-
terns on EEG. In 257 patients, mutations in STXBPI and KCNQ2
had been excluded by high resolution melt (HRM) analysis in
advance. Muration analysis was performed by HRM analysis or direct
sequencing, and 41 of the 328 patients (32 with OS, 4 with WS, and
5 with undlassified EOEEs) were also analyzed by whole exome
sequencing (WES). We obtained detailed clinical data from all patients
with SCN2A4 mustons, including brain MRI/CT and EEG findings.

Mutation screening. Genomic DNA was obtained from periph-
eral blood leukocytes by standard methods. DNA for mutation
screening was amplified using the Illustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare Japan, Tokyo, Japan). Mutation
screening of exons 2 to 27 (including exon 6A) covering the SCN24
coding regions (transcript variant 1, NM_021007.2) and exon 6N
of transcript vartant 3 (NM_001040143.1) was performed by
HRM analysis or by direct sequencing of part of exon 27. The
DNA of patient 10 from nails and hairs was isolated using ISO-
HAIR (Nippon Gene, Tokyo, Japan), and DNA in saliva was iso-
lated using Oragene (DNA Genotek, Kanata, Canada). Real-time
PCR and subsequent HRM analysis were performed using a Light
Cycler 480 (Roche Diagnostics, Otsu, Japan). Samples showing an
aberrant melting curve in the HRM analysis were sequenced. PCR
primers and conditions are shown in table e-1 on the Newrology®
Web site at www.neurology.org. All novel mutations were verified
using original genomic DNA, and searched for in the variant
database of our 212 in-house contro] exomes,

‘Whole exome sequencing. DNAs were captured using the Sure-
Select*™ Human All Exon v4 Kit (Agilent Technologies, Santa Clara,
CA) and sequenced with 4 samples per lane on an Illumina HiSeq
2000 (Humina, San Diego, CA) with 101-base pair paired-end reads,
Image analysis and base calling were performed by sequence control
sofrware with real-time analysis and CASAVA software v1.8
(llumina). Reads were aligned 1o GRCh37 with Novoalign (Novo-
craft Technologies, Selangor, Malaysia), and duplicate reads were
marked using Picard (http://picard.sourceforge.net/index.shtml) and
excluded from downstream analysis. Local realignments around indels
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and base quality score recalibrations were performed using the
Genome Analysis Toolkit (GATK).** Single-nucleotide variants
and small indels were identified using the GATK, and were
annotated using ANNOVAR* All mutations detected by WES
were confirmed by Sanger sequencing,

Parentage testing, For the family showing de novo mutations,
parentage was confirmed by microsatellite analysis using ABI Prism
Linkage Mapping Set version 2.5, MD10 (Life Technologies, Carls-
bad, CA). We chose 12 probes for screening (D65422, D75493,
D8S285, D9S161, D10S208, D115987, D125345, D16S503,
D175921, D18§53, D19S220, and D20S196). Appropriate bio-
logical parentage was confirmed if 3 or more informarive markers
were compatible and other matkers showed no discrepancy.

Standard protocol approvals, registrations, and patient

consents. The experimental protocols were approved by the Instiru-
tional Review Boards for Ethical Issues of Yokohama City University
School of Medicine and Yamagata University Faculty of Medicine.
Informed consent was obtained from the families of all patients.

RESULTS Identification of SCN24 mutations. We previ-
ously performed WES of 12 patients with OS, includ-
ing patient 142 of the cument study.”” To
systematically find de novo mutations, we additionally
analyzed the parents of patient 142 by WES. We found

.2 de novo nonsynonymous mutations in patient 142:

c.4868C>A (p.T1623N) in SCN24 and c.538A>T
(p.I180F) in FHODI. Because de novo SCN2A muta-
tions have been reported to cause intractable epi-
lepsy,"** the SCN2A mutation was highly likely to
have caused the OS. In fact, we found a total of 14
mutations in 15 patients: 9 of 67 OS cases (13.4%),
1 of 150 WS cases (0.67%), and 5 of 111 with undlas-
siied EOEEs (4.5%) (table 1). One mutation
(c.638T>A) occurred recurrently in 2 patients, and
the mutation was confirmed as a de novo event in
1 of the 2 patients. All other mutations except for 2
(€2995G>A and c.4886G>T; parents were unavail-
able) occurred de novo. Interestingly, a de novo mosaic
mutation (¢.3976G>C) was detected by WES in
patient 10. The mutant allele frequency was 18%
(37/205 alleles) based on read counts of WES. We
confirmed mosaicism in hair, nail, and saliva DNA
samples (figure e-1). One mutation (c.634A>G
[p.N212D]) was found in the transcript varant 3,
which is a neonatal isoform. All of the 15 mutations
are missense changes that have not been previously
reported. They cannot be found in the 6,500 exomes
sequenced by the National Heart, Lung, and Blood
Institute exome project or among our 212 in-house
control exomes. Sorting Intolerant From Tolerant
(SIFT), Polyphen2, and Mutation Taster predicted that
all mutations would be highly damaging to the structure
of Na,1.2 (table e-2). All 9 mutations in patients with
OS were located in linker regions between transmem-
brane segments (figure 1). Six of these mutations were
located in a linker between S4 and S5, 2 were located
between S3 and S4, and one near the end of S6. One
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10

99

142

146

185

207
230

261

em2

254
i 255
271
305

322

Patient

Sex 1
F;

M

08 (oWs)
‘ OS (—WS)

05 c4013T>C,

‘ 0s (—Ws)

Clinical features of SCN2A mutations

¢.3976G>C,
p.V1326L (mosaic),
~de novo

0S {—WS)

Ws L c.2558G>A,
p.R853Q, de novo
4868C>A, ;

~ pT1623N, denovo

0s ¢.707C>G,p.T236S, 0d

de novo
c4007C>A : ;
81336Y de novo R

c.3967A>G, N
p.M1323V, de novo

13d

- PM1338T, de novo.

¢.638T>A, p. V213D 15
de novo mo

: '0.634A§G (variant el
~3) p.N212D, de novo .

6 mo

¢.506A>G, p.
E169G, de novo

EOEE

c4886G>T,
R1629L, N/A

c.2627A>C, ©8d

p N876T, de novo
 EOEE g"fc787G>A A263T, ,3d
0S (oWS) c2095G>A, 6d

p.E999K, N/A

10 mo

Focal seizure

k Focal selzu )

Spasms

Spasms

© Myoclonic, TS

GTCS

TS

TS, eye deviation,”
mouth automatism

ocal seizure .

Hypsarrhythmia

osB

o sB

Muiltifocal
spikes

5B TS, myoclonus (2 y); hypsarrhythmia
(4 mo); multifocal spikes (3 y, 2 mo)

Multifocal spikes, MISF (1 y, 6-mo};
no epileptic dlscharges (6 y, 2 mo)

k~‘Mu|t:focaI splke? (2 m)n), spalsms (3 mo),
3
MISF (5 mo)
SB ! ‘ Hypsarrhythmia (2.5 mo); multifocal

" polyspikes (3 mo); TS (5 mo); multifocal
spnkes 8 y)

e Focal selzure (3 mo)k‘ multlfoca! pikes
. K ‘mo)” ; et
Multifocal Multifocal splkes and dlffuse S- W (14 y)
spikes

e TS eyelxd myoclonla 3 mo) spasms i
{(4 mo) hypsarrhythmwa (3 mo TS (9 mo)

focal selzure, TS (1 y)

SB Spasms (5 mo); hypsarrhythmia (5 mo);
focal seizure {12 mo)

- slow waves {10mo) .

SB Hypsarrhythmia (3 mo) spasms (4 mo)

Seizure-free after  NJA

© Intractable
Febrx!e seizure (6 mo); myoclonic seizure, Intractable

: ‘kl:‘ltl’:actéb“e Ll

" Modified hypsarrhythmna @ mo), mam!y

Severe

Severe

Seizure-free after . N/A
LTGat6y, 2 mo

Y, ~Severe

Severe
ZNS, LEV, PHT,
VGB
Intracta ~Severe, .
Intractable Severe
; ,In;ractable i —20(5 y, " Severe
o 3mo
Intractable -0.8 Severe
(4 mo)
NA L Sevrs

-17(6 Y, Severe
8 mo)

—04 . Severe
~(4’mo)‘ L

Intractable -0.8 Severe
: : (2 mo) i
Selzure-free after 01 0d) ~S'e:vere,7f
S LTGat 6 mo ; ERiEE
~Intractable -06 - Severe
{3 mo)

. Cerebral atrophy, delayed myelination

: 'Mlld cerebellar and cerebral atrophy -

i cerebellar atrophy, thin CC (4 v, 4 mO)

Cdedatsy

© 4 Y, 9mo)

:Cerebral atrophy (16d) severe .

o 4ventncle 3 mo)

: fjfmn ccl25mo)

2'y, 2 mo)

elayed myellnatxon (9 mo) ¢

Cerebral atrophy {frontal, temporal)

hln CC (8 mo) cerebral k

Thin CC, white matter atrophy, T2
hyperintensity within globi pallidi
1y, 3 mo)

Norrha! (L mo) :

Mild cortical atrophy (7 y)

Normal 1 mo) cerebral atrophy

Delayed myelmat«on, cerebral and
cerebellar atrophy (1 y); thin CC (14 y)

cerebral atrophy, delayed
kyehn ion ;(4}/); :

Cerebral atrophy, thin CC (5 y)

in CC and hypoplasla of whlte i :
atter, enlarged lateral -

Mild cerebral atrophy delayed
myehnatlon (10 mo)

No abnonnality @ mo)

Abbreviations: CC = corpus callosum; CS = clonic seizure; DD = developmental delay; Dx = diagnosis; EOEE = early-onset epileptic encephalopathy; GTCS = generalized tonic-clonic seizure; HC-SD = head

circumference SD; LEV =

levetiracetam; LTG =

and slow wave; TS = tonic seizure; VGB = vigabatrin; WS = West syndrome; ZNS = zonisamide.
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lamotrigine; MISF = multiple independent spike foci; N/A = not available; OS = Ohtahara syndrome; PHT = phenytoin; SB = suppression-burst pattern; S-W = spike
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[ Figure 1 Structure of the human Na,1.2 channel with localization of SCN2A mutations ]
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mutation in a patient with WS was located in a posi-
tively charged segment (S4) of domain II. Other muta-
tions found in patients with unclassified EOEE were
located in S4 of domain IV (1 mutation), a linker
between S3 and S4 of domain I (1 mutation), and in
S2 and S5 of domain I (2 mutations).

Clinical features of SCN24 mutations. The clinical
information and EEG and MRI findings of patients
with SCN2A mutations are summarized in table
1 and figure 2. Case reports (in appendix e-1) and fur-
ther EEG (in figure e-2) and MRI (in figure e-3) find-
ings are shown in supplemental data. There were 9
patients with OS (6 Japanese, 1 Canadian, 1 Mexican,
and 1 Israeli), 1 with WS (Japanese), and 5 with unclas-
sified EOEE (4 Japanese and 1 Slovenian). The ratio of
females to males was 9:6. The mean age at onset was
45.3 days after birth (5.7 days in patients with OS; 65
days in unclassified EOEE; 10 months in a patient with
WS). The initial epileptic attacks were tonic seizures in 8
patients, spasms in 3 patents, clonic seizures in 3 pa-
tients, and generalized tonic-clonic seizures in 1 patient.
Three patients (patients 99, 254, and 305) had dystonia,
and patient 99 also had chorea and ballismus. EEG at
epilepsy onset showed suppression-burst pattern in 9
patients and focal or multifocal spikes in 6 patients.
Seven of 15 patients with SCN24 mutations received
adrenocorticotropic hormone therapy, leading to a tran-
sient reduction of seizures followed by recurrence. Epi-
leptic seizures disappeared and EEG findings improved
in 2 patents with WS and unclassified EOEE after
administration of lamotrigine (patients 99 and 305),
and in 1 patient with OS after combination therapy with
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zonisamide, levetiracetam, phenytoin, and vigabatrin
(patient 146). Twelve of the 15 patients could not be
controlled with antiepileptic drugs. All 15 patents had
severe developmental delay, and 1 patient with unclassi-
fied EOEE (patient 185) died at the age of 5 years. Brain
MRI showed cerebral atrophy in 10 patients, thin corpus
callosum in 7 patients, delayed myelination in 5 patents,
and cerebellar atrophy in 3 patients. MRI was normal in
2 patients in the early infantile period (1 and 2 months of
age). Of the 9 patients with OS, 6 showed spasms, and
all patients showed suppression-burst pattern on EEG at
epilepsy onset. Seven patients with OS developed WS,
and 1 case (patient 230) was suspected to do so because
of spasms and developmental delay; however, no EEG
was done to verify this.

DISCUSSION We identified 14 novel SCN2A muta-
tions in 15 patients with EOEE. Two of the mutations
could not be confirmed as de novo, but all mutations
showed high scores for predicted negative effects on pro-
tein function, and were not found in our in-house con-
wol exome data. Of note, 9 of the 15 patients were
diagnosed with OS, and all patients showed severe devel-
opmental delay. Previously, SCN24 mutations have
been reported in a wide spectrum of disorders, including
autism, severe nonsyndromic sporadic intellectual disa-
bility, benign seizure syndromes such as BFNIS, benign
familial infantile seizure, and generalized epilepsy with
febrile seizures plus, and severe epileptic disorders such as
DS, infantile spasms, and AERRPS (acute encephalitis
with refractory, repetitive partial seizures).}#-2>%-33
Most of the disorders caused by SCNIA mutations
involve DS or generalized epilepsy with febrile seizures
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" Figure 2 EEG and brain MRI of patients with SCN2A mutations ]
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(A, B) Suppression-burst pattern on interictal EEG (A, patient

207 at an age of 18 days; B, patient 322 at an age of 7 days).

(C) Suppression-burst pattern on interictal EEG of patient 252 at an age of 14 days (left). Transition from Ohtahara syn-
drome to West syndrome with modified hypsarrhythmia at an age of 3 months (right). (D-H) Brain MRI axial images at the

level of the basal ganglia {D, T2-weighted image of patient 10

at 7 years; F, T2-weighted image of patient 251 at 1 year;

at 2 years and 2 months; E, T1-weighted image of patient 207
G, T2-weighted image of patient 252 at 10 months; H, T1-

weighted image of patient 271 at 10 months) showing cortical atrophy and delayed myelination (D, F-H) and cortical

atrophy of the left temporal region (E).

plus, and onset of DS is usually in the infantle period.”
By contrast, the onset of OS is neonatal and that of
BENIS is neonatal or early infantle. The phenotypic
differences between SCN24 and SCNIA mutations
might be explained by the different expression patterns
of the channels. Na,1.2 (SCN2A) and Na,1.6 (SCN8A)
are the major sodium channel o subunits in excitatory
neurons. Na,1.2 channels are expressed early in develop-
ment and Na,1.6 channels gradually replace Na,1.2
channels in a population of neurons during maturation.””
Na,1.2 is expressed predominantly at terminals, unmye-
linated axons, and in proximal axon initial segments,
where action potentials are initiated, whereas Na,1.1
(SCN1A) is expressed predominantly in neurons releas-
ing y-aminobutyric acid, and is localized to the soma and
proximal processes of the neuron.'>#3% Therefore,
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SCNIA mutations may mainly lead to a reduction of
sodium-channel activity in inhibitory neurons, increasing
net excitability. However, SCN24 mutations likely also
affect excitatory neurons and proximal axon initial seg-
ments especially during the early developmental period.
Therefore, the effect of SCN24 mutations on the net
excitability of neurons may result in earlier onset of epi-
leptic disorders.

Investigation of the genotype-phenotype correla-
tion of SCN2A mutations may contribute to our
understanding of the pathophysiologic mechanisms
of seizures caused by SCN24 mutations. SCN24 mu-
tations causing BENIS tend to be located in transmem-
brane regions (7/11 mutations), whereas mutations
causing intractable epilepsies were located outside

transmembrane domains, such as upstream of domain



T or between 2 domains.'®!%212628 [n this study, all 9
mutations causing OS were found in linkers between
transmembrane regions of Na, 1.2, especially between
S4 and S5 of domain IIL. The S4-S5 linker of domain
11T interacts with the linker of domains III and IV,
which is critical for fast inactivation of the sodium
channel,** suggesting that alteration of this linker
region may specifically affect the functon of Na,1.2.
Similarly, the mutation causing WS was located in a
positively charged segment (S4) of domain II, where
no mutations have been previously reported. Interest-
ingly, patient 10 showing OS had a low-level mosai-
cism of the p.V1326L mutation, which was confirmed
in DNA samples from blood leukocytes, hair follicle,
nail, and saliva. There are no previous reports of mosa-
icism for SCN2A mutations, but one case of mosaic
2q24 duplication including SCN24 and SCN3A has
been reported.’” The mosaic duplication was detected
in 40% to 51% of blood cells, and the phenotype
partially overlapped with both DS and BENIS.” In
cases of SCN1A mutations in familial DS, mosaic car-
riers with approximately 25% mutated alleles had
experienced simple febrile scizure, whereas a carrier
with approximately 12.5% mutated alleles was asymp-
tomatic.?® Patient 10 showed a very severe OS pheno-
type despite the low rate of mosaicism (18%).
However, we did not determine whether the same
mosaic rate was maintained in brain tissue. The loca-
tion of the p.V1326L mutation in a linker of $4 and S5
of domain IIT might support the hypothesis that alter-
ation of linker regions, especially between S4 and S5 of
domain III, uniquely affects the function of Na,1.2 in
association with OS.

Patient 252 with OS had a de novo mutation in exon
6N, which is a neonatal isoform (transcript of variant 3).
SCNIA, SCN24, SCN34, and SCN8A are subject to
alternative splicing of exon 6N and 6A. In the develop-
ing mouse brain, Sen2z shows higher or equal amounts
of the 6N isoform compared with the GA isoform at
birth, but 6N is gradually replaced by 6A during post-
natal development.® The channels of the neonatal iso-
form are less excitable than the adult isoform.® In
patient 252, the age of seizure onset was 14 days, which
was relatively late compared with the other cases of OS.
The expression of abnormal neonatal isoforms would be
expected to gradually decrease, leading to an alleviation
of neuronal hyperexcitability. In contrast, his symptoms,
such as the transition to WS, development delay, and
cerebral atrophy, worsened with increasing age. Further
studies are required to clarify how mutations of the 6N
isoform are involved in pathogenesis of EOEE.

To date, many disease-causing genes contributing
to EOEE phenotypes have been identified, including
ARX, CDKL5, STXBPI, SPTANI, KCNQ2, SCNIA4,
and SCN2A.511172021 T addition, mutations in one

gene can cause a wide phenotypic spectrum as revealed
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6,7,25

by previous reports and the results of this study.
Therefore, rapid genetic diagnosis of EOEEs by screen-
ing for all known disease-causing genes with Sanger
sequencing is very difficult. Recently, targeted exome
sequencing has been developed and applied as a diag-
nostic tool for epileptic disorders.”® Targeted exome
sequencing as well as WES would be quite useful for
genetic testing for EOEEs.
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Introduction

Recent advances in next generation sequencing (NGS) technol-
ogies combined with efficient gene enrichment, allows the
comprehensive resequencing of multiple known causative or
associated genes in highly heterogeneous diseases. In addition,
these technologies make it possible to perform resequencing more
inexpensively and rapidly than the conventional Sanger method.
Higher sequencing accuracy due to the deeper achievable
coverage with the aid of improved bioinformatic analysis is
expected as well. Different bench-top next generation DNA
sequencers are currently available for target resequencing. Each
NGS machine adopts specific technologies, thus the property and/
or quality of sequence reads is likely different. However there is
little comparative evidence on the data quality between sequencers
used in human gene analysis.

Autism spectrum disorder (ASD) is a complex disorder with
several hundred associated loci, following a polygenic mode of
inheritance [1]. It is relatively common, with a prevalence of 1.1%
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[2], and is typically a child-onset disorder characterized by
impaired social interactions, communication deficits, and restrict-
ed and repetitive behaviors [3]. It is known to be highly heritable,
yet the majority of its heritability is so far unresolved [4]. Previous
studies suggest a genetic contribution, consisting of both common
and rare alleles, accounts for a portion of ASD risk, with a
heritability of 38-90% [4-8]. Considering the frequency and
socio-economic impact of ASD, verification of the actual
heritability of ASD is of importance. Common single-nucleotide
variants (SN'Vs) have been reported as a major source of ASD risk,
with the heritability exceeding 40% [7]. However, their impact on
ASD development is relatively small in each case, with an
estimated odds ratio (OR) <1.2 [9]. Conversely, rare variants
occurring de nove or inherited are assurned to affect ASD risk as
well [1,10-13]. Recent work revealed a larger effect of de novo
SNVs, although they accounted for only a small portion of overall
ASD risk, with an estimated 10% contribution to ASD risk [10-
13]. Recently, an additive 5% contribution to ASD risk was
reported in rare complete knockouts, derived from inheriting rare

September 2013 | Volume 8 | Issue 9 | 74167



recessive variations [14]. To further explore the missing ASD risk
heritability, a promising approach would be to comprehensively
identify rare variants that have additive gene effects or show a
multigenic epistatic contribution.

Here we have developed a rapid, cost-effective and compre-
hensive analysis workflow for detecting rare variants in ASD
patients. We screened 62 known ASD associated genes using
microdroplet PCR-based technology, together with the Ion
Torrent Personal Genome Machine (PGM) and MiSeq platforms.
To validate the systems, we sequenced 10 positive controls with
other diseases and 28 ASD patients. Sequencing data produced by
the two sequencers were compared, demonstrating successful
identification of positive control variants and novel SNVs
associated with ASD.

Materials and Methods

Ethics statement

Written informed consents were obtained from all patients or
their parents. Experimental protocols were approved by the
Committee for Ethical Issue at Yokohama City University School
of Medicine.

Patients

A total of 28 ASD patients, diagnosed according to DSM IV-
TR criteria, and 10 patients with other identified diseases with
known mutations in one of the target genes, were used for this
study. DNA was obtained from peripheral blood leukocytes.

RainDance library preparation and DNA enrichment

The RainDance ASDSeq™ Research Screening Panel was
provided by RainDance Technologies™ (Lexington, MA, USA).
The RainDance ASDSeq™ panel is a genetic screening tool that
offers >92% coverage of 62 genes containing known mutations
associated with ASD. The library contains 2349 amplicons
ranging in size from 167 to 600 bp and covering a 1034 kb
region. Coverage includes all exons for each gene plus 50 bp up-
and downstream of each exon, to capture intron/exon splice
junctions, as well as 1 kb of both the 5’ promoter region and 3’
UTRs. The panel includes both autosomal and X-linked genes.

A total of 2.5 pg of genomic DNA was used for DNA
enrichment. The primer library and a template mix, including
1.5 pg of fragmented genomic DNA and all the PCR reaction
components except the primers, were loaded on the RainDance
for PCR droplet preparation, according to the manufacturer’s
instructions. Samples were run on the RDT 1000 machine and
PCR droplets were generated. The PCR droplets were amplified
under the following conditions: 94°C for 2 min, then 54 cycles of
94°C for 30 sec, 54°C for 30 sec and 68°C for 60 sec, followed by
68°C for 10 min and 4°C for holding. After amplification, the
PCR droplets were broken to release the amplicons. The
amplicons were purified and quantified using the 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA). The ends of
the DNA fragments were repaired at 25°C for 30 min using New
England BioLabs End Repair Module (New England BioLabs,
Ipswich, MA, USA), followed by purification using Qjagen
MinElute columns (Qiagen, Valencia, CA, USA). The PCR
fragments were concatenated at 20°C for 30 min using NEB
Quick Ligation Kit (New England BioLabs). The ligated products
were purified using the Qjagen MinElute columns and fragmented
using a Covaris S2 machine (duty cycle 10%, intensity 5, cycle/
burst 200, total time per treatment 430 s).

PLOS ONE | www.plosone.org

58

Bench-Top NGS Comparison for Target Resequencing

Sequencing using ion torrent PGM and data processing

Library preparation was carried out using the Ion Plus
Fragment Library Kit, with 50 ng of amplicons. Adapter ligation,
nick repair and amplification were performed as described in the
Ion Torrent protocol (Ion Plus Fragment Library Kit; Part
Number 4471989 Rev. B; Life Technologies, Grand Island, NY,
USA). The Agilent 2100 Bioanalyzer (Agilent Technologies) and
associated High Sensitivity DNA kit (Agilent Technologies) were
used to determine quality and concentration of the libraries.
Emulsion PCR and enrichment steps were carried out using the
Ion OneTouch™ Template Kit (Life Technologies) and associ-
ated protocol (Part Number 4472430 Rev. C). Sequencing of the
amplicon libraries was carried out on the Ion Torrent PGM
system using 316 or 318 chips, and barcoding with Ion XpressTM
Barcode Adapters 1-16 Kit (Life Technologies). The Ion Se-
quencing Kit v2 (Life Technologies) was used for all sequencing
reactions (expected read length was 100 bp), following the
recommended protocol (Part Number 4469714 Rev. B). After
sequencing, reads were mapped to hgl9 using Torrent Mapping
Alignment Program (TMAP). TMAP is a customized mapping
tools for sequencing data generated by PGM, ignoring the indel
calls around homopolymer stretch to reduce the hundreds of false
negative calls. Torrent Suite 2.0 and/or 3.2 were used for all
analyses. Coverage depth was calculated using Torrent Coverage
Analysis. SNVs and small insertions/deletions (indels) were
identified using the Torrent Variant Caller. Common variants
(MAF =1%) registered in dbSNP135 (http://www.ncbinlm.nih.
gov/projects/SNP/) without a flag as clinically associated, or ones
in the lower versions of dbSNP, were filtered out. Filter-passed
variants were annotated using ANNOVAR [15] and a custom
pipeline. In order to compare the ability of mutation detection,
reads of positive controls were aligned to GRCh37 with Novoalign
v3.00 (Novocraft Technologies, Selangor, Malaysia) with the
parameters for PGM and Local realignments around indels and
base quality score recalibration were performed using the Genome
Analysis Toolkit (GATK) v1.5-21 [16]. SNVs and small indels
were identified using the GATK UnifiedGenotyper.

Sequencing using MiSeq and data processing

The same amplicons were sequenced on the Illumina MiSeq
sequencer, using the SureSelect™" Reagents (Agilent Technolo-
gies) protocol, with 50 ng input material. Each multiplex library
pool was sequenced on an Hlumina MiSeq for 150 cycles from
each end, plus a 6 base-index sequence read, using the MiSeq
Reagent Kit (lumina, San Diego, CA, USA). Image analysis and
base calling were performed using sequence control software with
real-time analysis, and Consensus Assessment of Sequence and
Variation (CASAVA) software v1.8 (Illumina). Reads were aligned
to GRCh37 with Novoalign v2.08 (Novocraft Technologies), and
Local realignments around indels and base quality score recali-
bration were performed using the GATK v1.5-21 [16]. SNVs and
small indels were identified using the GATK UnifiedGenotyper,
and filtered according to the Broad Institute’s best-practice
guidelines v3. Common variants (MAF =1%) registered in
dbSNP135 (http://www.ncbinlm.nih.gov/projects/SNP/) with-
out a flag as clinically associated, or ones in the lower versions of
dbSNP, were filtered out. Filter passed variants were annotated
using ANNOVAR [15] and a custom pipeline.

Quality validation of sequence reads

For quality comparison, we combined sequencing data from
four random samples obtained by either PGM or MiSeq and
evaluated the average quality of data from multiple samples. Box
plots for base-call quality of combined runs from each sequencer
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were generated using fastqc software (Babraham Bioinformatics,
Cambridge, UK). To count the number of single nucleotide
polymorphisms (SNPs) and short indels in our combined
sequencing data, we used samtools mpileup command with the
minimum mapping quality assignment option. We excluded calls
with either a depth =10 or genotype quality <30.

Validation of novel variants

PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), SIFT
(http:/ /sift jevi.org/www/SIFT_BLink_submit.html), Mutation-
Taster (http://www.mutationtaster.org/) and Genomic Evolution-
ary Rate Profiling (GERP) [17] were used to evaluate SNVs in
terms of sequence conservation, chemical change and likelihood of
pathogenicity. The Human Gene Mutation Database (Biobases,
Wolfenbuettel, Germany; (https://portal.biobase-international.
com/hgmd/pro/start.php) was used for determining if variants
were previously reported.

Sanger confirmation of variants detected by next-
generation sequencing

Possible pathological variants were confirmed by Sanger
sequencing using an ABI 35001 or ABI 3100 autosequencer
(Life Technologies), according to the manufacturer’s protocol.
Sequencing data was analyzed using sequence analysis software
version 5.1.1 (Applied Biosystems, Foster City, CA, USA) and
Sequencher 4.10-build 5828 (GeneCodes Corporation, Ann
Arbor, M1, USA).

Statistical analysis

All statistical analyses were carried out using SPSS Statistics 19
(IBM, NY, USA). The carrier frequency of each novel SNV was
compared between ASD patients and in-house 212 normal
Japanese controls using Fisher’s exact test. $<<0.05 was considered
statistically significant.

Results

Sequencing yields and targeting efficiency

The targeted NGS panel was designed to amplify all exons of
the 62 known ASD associated genes (Table S1). To validate the
performance of RainDance sample enrichment and our chosen
NGS systems, ten positive controls, each with a mutation in either
NSDI (c.3958C>T, c.5177C>T, ¢5179G>C, ¢.6499T>C),
MECP2 (c.243_244insC, c¢.316C>T), CASK (c.277_288del),
SCNIA (c.342_344delinsAGGAGTT, c.4313T>A) or CDKL5
(c.145G>A) were used. Our workflow strategy is summarized
(Table 1). NGS after target enrichment yielded an average of
29597 (PGM-TMAP), 201.73 (PGM-Novoalign) and 469.42
(MiSeq) Mb of sequence, in which 96.8% (PGM-TMAP), 78.8%

(PGM-Novoalign) and 75% of reads were mapped to the genome, -

and 26.7% (PGM-TMAP), 28.3% (PGM-Novoalign) and 22.7%
were mapped to the targeted regions, by PGM and MiSeq,
respectively (Table 2). The percentage of mapped bases was
greater in PGM-TMAP than in PGM-Novoalign, while the ones
in PGM-Novoalign and MiSeq were similar. On-target rate was
also similar and generally low in these data. The total coverage of
all targeted bases was on average for PGM (TMAP), 93.7% at 10x
and 85.9% at 20X, with a mean read depth of 63x, and for
MiSeq, 96.8% at 10x and 93.2% at 20 x, with a mean read depth
of 95x (Table 2). The complete coverage information on the
differences between PGM and MiSeq is presented in Table 2. The
mean depth of coverage on genes across all samples ranged from
21x for PTCHDI to 237 x for NHS, with an average of 95 x by
MiSeq. Despite the high mean read depth and target region

PLOS ONE | www.plosone.org

59

Bench-Top NGS Comparison for Target Resequencing

coverage, several exons including exon 15 of NIPBL, exon 43 of
RELN, exon 2 of BRAF, exon 7 of PTEN, exon 10 of SLC6A4,
exonll of SHANKS, exon 43 of DMD, exon 8 of CASK, exon 36 of
MEDI2 and exon 2 of L1CAM, had no mapped reads from either
sequencer. These unmapped regions may be due to sequence
complexity, problematic library synthesis necessitating the use of a
concatenation step for sample preparation, or unusual GC content
of the fragments for the enrichment system. Exon 11 of SHANK3
has a very high GC content (80%), while exons 2, 43, 15, and 43,
of BRAF, DMD, NIPBL, and RELN, respectively, have a very low
GC content {(<35%), and consequently no mapped reads in the
NGS data.

Comparison of sequencing quality

The mean base-call quality score obtained from MiSeq was high
through entire reads, with a score >30 (Figure S1A, B). The
dispersion of scores among reads at specific positions was relatively
small. Conversely, the mean base-call quality score obtained from
PGM was >25 at the beginning of reads, but gradually decreased
to around 20, at approximately base position 100. The dispersion
of scores among reads was larger than those obtained using
MiSeq. n addition, read lengths produced by each sequencer were
different. With MiSeq, all reads had the expected length of 151
bases, whereas with PGM, read lengths were widely distributed
from 60 to 150 bp long, although the expected read length was
100 bp (Figure SIC).

Overall, it appeared that the MiSeq output sequences had a
higher base-call quality, but it was difficult to compare the scores
derived from each sequencer, as PGM and MiSeq adopt different
scoring systems for evaluating base-call quality. MiSeq uses Phred
[18], while PGM uses a unique Phred-like system consisting of six
predictors whose quality values are correlated with the probability
of a base miscall. Therefore we compared the mapping quality of
each read from both sequencers, as both sequencers adopt the
same scoring system for mapping quality [19]. We summed up the
total number of reads with a mapping quality >40 and reads <40,
and found 94.5% (MiSeq) and 71.2% (PGM) of aligned reads had
a mapping score >40 (Figure S1D).

Next we compared the number of indel calls detected by PGM
and MiSeq, in the combined data from four individuals randomly
chosen (Table S2). With PGM, 9685 SNPs or indels were called,
with 5544 indels calls (57.2%). The frequency of indels was
calculated as 1.34 per 1 kb per sample. With MiSeq, 3818 SNPs or
indels were called, with 395 calls (10.3%) being indels. The
frequency of indels was calculated as 0.096 per 1 kb per sample.
After filtering the SNP and indel call with a mapping quality >40,
and comparing again, 5288 indels out of 7574 total calls (69.8%)
were detected with PGM, while 386 indels out of 3553 total calls
(10.9%) were detected with MiSeq, leading to an expected
frequency of 1.27 indels per 1kb per sample (PGM) versus
0.093 indels per 1 kb per sample (MiSeq).

Confirmation of variant detection

The ability of PGM and MiSeq to efficiently detect various
mutations, including point mutations and small indels, was tested
using previously Sanger-confirmed mutations in variant-positive
samples (Table 3). The variant-positive samples included all types
of variants, including missense, small insertion, small deletion and
small indel variants, in the genes SCN14, NSD1, MECP2, CDKL5
and CASK (Table 3). Some of the insertion and indel variants
detected by NGS are shown (Figure S2A, B). All confirmed
variants had a coverage of at least 8 x reads, and a mutant allele
percentage of 33-62% for heterozygous or 83-100% for
hemizygous variants (Table 3). The mutation detection rate was

September 2013 | Volume 8 | Issue 9 | e74167



Bench-Top NGS Comparison for Target Resequencing

Table 1. Strategy for validation of RainDance sample enrichment and NGS methods.

RDT1000%
00 bp single-e

Mapping TMAP v2.0.1/Novoalign

Annotation ANNOVAR

Novoalign

ANNOVAR

doi:10.1371/journal.pone.0074167.t001

either 70% (PGM using standard analysis software of TMAP and
Variant Caller) or 100% MiSeq). With PGM, the variant located
near the homopolymer could not be detected because of PGM’s
high frequency of homopolymer sequencing errors [20,21]. When
using T'Sv3.2 for PGM data analysis, one out of four mutations not
identified by TSv2.0, were additionally detected. In' order to
analyze on the same analytical platforms, sequence data of PGM
were also processed using Novoalign for mapping and GATK for
variant calling. The mutation detection rate differed significantly
between platforms (TMAP-Variant Caller and Novoalign-GATK)
(Table 3). Respective PGM data, displayed in the Integrative
Genomics Viewer (IGV) [22], showed an increase in sequence
mismatch patterns at amplicon ends.

Validation of the RainDance ASD panel for detecting
novel mutations in ASD patients

RainDance targeted resequencing was obtained on a total of 28
ASD patients, with a mean total sequence length of 273 or
446 Mb, and an average read depth of approximately 65X or
115 %, for PGM and MiSeq, respectively (Table 4). After filtering
by dbSNP135, a total of 98 (PGM) and 62 (MiSeq) variants were
discovered following RainDance target enrichment. Of these, 62
(PGM) and 46 (MiSeq) were nonsynonymous SNVs (Table S3).
Under a rare variant hypothesis, variants were filtered to exclude
common variants (MAF =1%), using the Exome Variant Server
from the NHLBI Exome Sequencing Project and an internal
dataset of 212 control exomes from the Japanese population.
Although ¢.878C>T (p.S293F) in SLC6A4 was detected in 4/212

Table 2. Comparison between PGM and MiSeq sequencing
performance in 10 positive controls.

PGM

295.97

Average total number of bases (Mb) 201.73

% mapped on human genome 96.8% 78.8%

Mean depth of coverage

% of target regions at 82.0%

>20-fold coverage

doi:10.137 1/journal.pone.0074167.t002
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*The sequencing library used was the RainDance ASDSeq Research Screening Panel.
**PGM provided the protocol for paired-end sequencing in the end of 2011, only for optional.

control exomes (MAF = 0.01%), we chose not to remove this SNV,
since it has been functionally proven to disrupt serotonin
transporter activity [23]. We validated a total of 57 (PGM) and
30 (MiSeq) SNVs. These SNVs were confirmed by Sanger
sequencing, with 21 (PGM) and 22 (MiSeq) shown to be true
positives (Table $3). In contrast, after filtering to exclude common
variants, no indel mutations were detected by either PGM or
MiSeq. All 21 SNVs detected by PGM were also detected by
MiSeq. We analyzed the ability of each platform to detect variants
and found that both platform was able to identify true variants, but
PGM produced many false variant calls. The true positive call
rates in the entire coding region were 36.8% (PGM) and 73.3%
(MiSeq) (Table S3). We inspected each false positive calls in PGM
and MiSeq using IGV to evaluate what kind of errors they were.
In PGM, 27/36 calls (75%) had low depth, 21/36 calls (58.3%)
had calls at respective read end, 14/36 calls (38.8%) were located
near homopolymers, and 1/36 calls (2.7%) had PGM specific low
quality error. In MiSeq, 5/8 calls (62.5%) had calls at respective
read end and 3/8 calls (37.5%) had MiSeq specific errors. (Table
S3).

Candidate rare SNVs associated with ASD

We identified 22 rare SNVs in 28 patients with ASD (Table 5).
Clinical features of the patients with these rare SNVs were
demonstrated (Table S4). We considered some to be disease
causing, as they are the same mutations previously reported in
patients with different diseases that accompany autistic features,
namely, c.4612G>A (p.V1538I) in SCNI4, identified in a patient
with Dravet syndrome [24], and ¢.878C>T (p.S293F) in SLC644,
identified in a patient with serotonin transporter deficiency [23].
The ¢.7880G>A (p.R2627Q) mutation identified in CHD7 was
not the same mutation, but was found at the same position, as the
one detected in a patient with CHARGE syndrome [25]. Of these
three patients, parent samples were only available for the patient
with the SLC644 mutation, and the mutation was shown to be
inherited from a mother with no autistic features.

Eighteen of the identified SNVs were not observed in 212 in-
house Japanese control exomes, suggesting they may be strong
candidates for ASD associated SNVs. The remaining four SNVs
were also observed in control exomes; however, with a lower
frequency than patients with ASD, leading to an OR of 1.93-
25.32. In particular, c.56C>T (p.A19V) was detected significantly
more frequently in patients with ASD than in controls (OR, 25.32;
95% confidence interval (CI), 2.54-252.76). The remaining SNVs
did not reach statistical significance, likely due to the limited
number of patients analyzed.

Based on web-based prediction software, 72.7% of the detected
SNVs (16/22) were deemed pathogenic by either PolyPhen-2
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Table 3. Validation of our chosen NGS methods for mutation detection.

Detected by

Coverage Mutant allele (%)

c.342_344delinsAGGAGTT

NSD1 €3958C>T (p.R1320X)

€5179G>C (p.A1725P)

€.243_244insC -

MECP2

CDKL5

c.145G>A (p.E49K) -

46

100

(36.3%; 8/22 SNVs), SIFT (50%; 11/22 SNVs), or MutationTa-
ster (13.5%; 3/22 SNVs). We annotated positions with their
conservation as scored with the GERP. Mutations at highly
conserved positions would be predicted to be functionally
important (45.5%; 10/22 SNVs).

Five out of 28 patients had multiple SNVs (Table S5). Following
the multigenic contribution theory in ASD [4], these could be
associated with the onset or the severity of this disease.

Discussion

We have developed an efficient workflow for detecting rare
SNVs/indels in ASD associated genes using bench-top next
generation sequencers with target gene enrichment. The evalua-
tion and comparison of NGS devices are of recent interest to us. In
this study we chose to compare the Ion Torrent PGM and
Tlumina MiSeq, which are currently the most popular NGS. The
characteristics of the two devices are shown (Table S6). In this
study, we compared the sequence yield and quality of these two
NGS platforms, and showed a practical use for targeted
resequencing of human genes.

Our comparison of two bench-top sequencers showed their
yields were both greater than expected; however, the quality of
sequence reads varied: better than expected through entire reads
in MiSeq, while barely exceeding the minimum expected quality
value with large discrete reads in PGM. Comparing the mapping
quality of the two sequencers, which was calculated based on the

Table 4. Comparison between PGM and MiSeq sequencing
performance in 28 ASD patients.

% on target regions

% of target regions at
>10-fold coverage

doi:10.1371/journal.pone.0074167.1004

PLOS ONE | www.plosone.org

61

F, Female; M, Male; Chr, Chromosome; +, Detected; —, Not detected; (+), Mutation only detected by TSv3.2, and not by TSv2.0,; n.a,, Not applicable;
YReads were mapped by TMAP and SNVs and indels were identified using the Torrent Variant Caller.

PReads were mapped by Novoalign v3.00 and SNVs and indels were identified using the GATK v1.5-21.

doi:10.1371/journal.pone.0074167.t003

same algorithm, the percentage of reads with a mapping quality
=40 was markedly more in PGM than in MiSeq. Considering
their target regions were the same, this difference reflects the
difference of overall read quality from the two sequencers.
Focusing on indel calls, we found an excess with PGM, compared
to MiSeq. The number of MiSeq indel calls is reasonable,
compared to the estimated error rate (0.11 to 0.08 per 1 kb) in
conventional capillary sequencing of the human genome [26].
Even with filtering of the reads for low genotyping quality and
depth, the excess indel calls in PGM did not decrease. As
previously reported, excess indel calls or a lower read quality are
considered to be largely due to homopolymers [20,27]. This
unique characteristics of PGM was reflected in the difference of
mapped rates for PGM-generated data when using different
mapping tools, TMAP or Novoalign. As shown in Table 2, the
mapped rates of bases between PGM-generated data and MiSeq-
generated data using Novoalign were similar, being reasonable
since these two data were derived from the same sample libraries,
while the one for PGM-generated data using TMAP was better.
We assume this is because TMAP consider homopolymer-
associated indel errors on mapping and could map more reads
which standard mapping tools such as Novoalign could not. The
difference in the mapped rates for PGM-generated data might
affect the mutation detection rate. Based on the difference in
mutation detection rates of positive controls in PGM-generated
data with different pipelines (Table 3), custom mapping and the
SNP/indel detection software, TMAP and Variant Caller, are
necessary for the PGM workflow to reduce mapping errors
without compromising detection sensitivity. Otherwise the number
of false positive indel calls would be greatly increased.

Generally, target gene enrichment using the RDT machine
worked well, but there were some disadvantages, including a
relatively low on-target rate as shown in Table 2, and occasional
sample enrichment failure. This may be partially due to the
genomic complexity or a biased GC content of target regions.
Alternatively, it may be due to the screening panel itself, which
does not employ a tailed primer system using PCR amplification
primers, therefore necessitating the use of the concatenation step
for sample preparation.

In our workflow validation using ten positive controls, the
mutation detection rate was lower with PGM than MiSeq. False
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Table 5. Rare SNVs identified with amino acid changes and computational predictions of pathogenicity.

. n
Accession No, Nucleotide MutationTaster ~ Polyphen2 SIFT? GERP? HGMD?Y genotype (allele)

ase

polymorphism 0 071 -532 none 1/28 (1/56) 1/212 (1/424) 7.82 0.22 A682
(0.46-~128.60)

BRAF NM_004333

polymo hi

polymorphism 0.997 0.01 5.56 CHARGE 1/28 (1/56) 0/212 (0/424) nd. 0.12 A634
. syndrome
(R2627X )

NM_001129837
NM_017780

NMLOT77B0 | c7es2C>ApT: . polymorphism
NM_014141 ¢.1276C>A:p.L4261

4 C1448G>APRASIQ
€.3479A>G:p.N1160S
<2473A>Gp MB25
€555G>Ap.M185l

1/28 (1/56)
1728 (1/56)
1/28 (1/56)
. 1/28(1/56).
1/28 (1/56)
1856,

1/28 (1/56) ’
128 (1/56)
3/28 (3/56)

polymorphism

polymorphism

NM_004007 polymorphism

NM_001193278

NM_001135659

25.32 0.005 A627,
(2.54-252.76) A651,

PNKP NM_007254

NM_030665

Dravet
syndrome

NM_001165963

Serotonin 1/28 (1/56) 4/212 (4/424) 1.93 0.47 A674
transporter (0.21-17.87)
deficency

SLC6A4 NM_001045 ¢.878C>T:p.S293F disease causing 0

NM_015243 ¢.820T>G:p.F274V polymorphism 1/28 (1/56) 0/212 (0/424)

VPS13B

DpolyPhen2 scores close to 1 are likely to be pathogenic (highlighted in bold). HumDiv-trained Polyphen-2 assumes even mildly deleterious alleles as damaging to evaluate rare alleles potentially involved in complex phenotypes.
DSIFT scores less than 0.05 are likely to be pathogenic (highlighted in bold).

3IGERP scores above 5 are highly conserved (highlighted in bold).

“The Human Gene Mutation Database (HGMD) was searched to identify SNVs registered as disease causing mutations. Carrier frequencies of each SNV were statistically compared between ASD patients (cases) and in-house
normal 212 controls (controls). Results are presented as odds ratio’s (OR} and p values. Pathogenic findings are shown in bold. Cl, confidence interval; wt, wild type allele; mut, mutant allele; n.d., not determined.

doi:10.1371/journal.pone.0074167.t005
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negatives are largely due to the weakness in indel detection,
implying not only excess false positive, but also increased false
negative indel calls with PGM. Another typical false negative
mutation identified with PGM was detected at amplicon ends.
This may happen more readily with PGM as the read length is not
as long as expected. On the other side, the higher coverage of the
MiSeq data is expected due to the longer read lengths as well as
paired end reads. With regards to SNV detection, both PGM and
MiSeq showed high mutation detection rates (6/7 mutations,
85.7% in PGM vs. 7/7 mutations, 100% in MiSeq). Target
resequencing of 28 patients with ASD identified 21 candidate
SNVs in PGM versus 22 in MiSeq, again showing similar SNV
variant detection abilities. Although there is a higher false-positive
SNV call rate with PGM compared to MiSeq due to the same
factors observed in positive control studies, At present it would be
reasonable to apply PGM for SNV detection. Recent rapid up-
dates of the device, chemistry and mapping/mutation detection
software in PGM may potentially reduce these drawbacks in the
near future.

ASD is a genetically heterogeneous disease, with a complex
genetic architecture [4]. In particular, rare SNVs with a
multigenic contribution are expected to play a specific role in
the molecular pathogenesis of ASD. We have shown that our
workflow works rapidly and inexpensively to address this issue by
demonstrating our successful identification of novel candidate
SNVs in ASD. Notably, A19V in PNKP was identified significantly
more in patients with ASD than controls. PNKP (polynucleotide
kinase 3'-phosphatase ) is a bi-functional enzyme that possesses
both DNA 3'-phosphatase and DNA 5'-kinase activities, and
associates with the single strand break repair machinery. Single
strand break could be hazardous to the cell if left unrepaired,
especially in central nervous system since frequently single strand
breaks could happen [28]. PNKP is mutated in microcephaly,
early-onset, intractable seizures and developmental delay MCSZ),
in autosomal recessive manner. Patients with MCSZ sometimes
show variable behavioral problems, mainly hyperactivity [29].
Clonsidering enzymatic activity of PNKP and its stability as
reported [30], clinical symptoms of individuals with the hetero-
zygous variant may not be as severe as MCSZ, however it could
not be denied that possible decrease in enzyme activity or protein
level of PNKP comparing to wild type might affect the normal
development of central nervous system. It was implied that PNEP
might be a candidate for ASD-related gene by copy number
analysis previously [31]. We showed for the first time a candidate
variant associated with ASD. Further study with larger samples is
necessary to confirm its pathogenicity. It is also noted that there
were some genes such as CHD7, CNTNAP2, DMD, and RAIl, in
which two patients had private rare variants. It is speculated that
the private variants of those might accumulate in ASD popula-
tions.

In conclusion, we present the comparison of two bench-top
sequencers, PGM and MiSeq, through the newly developed
workflow for the investigation of ASD. Analyzing larger sample
sets may lead to unraveling of the missing heritability of ASD.

Supporting Information

Figure S1 Comparison of overall sequencing quality
between PGM and MiSeq. (A) Box plots of base-call quality
scores across all bases obtained using PGM with a 316 chip (left
panel) or MiSeq (right panel). Green and red areas indicate quality
scores above 28 and below 20, respectively. Yellow boxes show
upper and lower quartiles with whiskers indicating 10% and 90%
quartiles. Red horizontal lines indicate the median value. Blue
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curves represent the mean quality scores. Quality scores are given
based on the calculation of Phred-scaled quality values using q=-
10logl0(P), with P being the estimated error probability for that
base-call. (B) Quality score distribution over all sequence reads
obtained using PGM with a 316 chip (left panel in red) or MiSeq
(right panel in blue). Combined data from four samples are
displayed. Mean quality scores across all base-calls from a
particular sequence, calculated as the Phred score, are shown on
the X axis, and the number of reads with the specified mean
sequence quality on the Y axis. (C) Distribution of read length
from all sequence reads obtained using PGM with a 316 chip (left
panel in red) or MiSeq (right panel in blue). Read lengths are
shown on the X axis, and the number of reads with the specified
read lengths on the Y axis. (D) Mapping quality from all sequence
reads obtained using PGM with a 316 chip (red bars) or MiSeq
(blue bars). The number of reads with a mapping quality of either
<40 or =40 in each device {left panel). The percentage of reads
with mapping quality =40 in each device (right panel). MQ,
mapping quality.

(TTF)

Figure S2 Comparison between PGM and MiSeq of
mutations and sequence reads from positive control
samples. (A) The c.342_344delinsAGGAGTT mutation detect-
ed in Sample 1. (B) The ¢.243_244insC mutation detected in
Sample 7. In both panels, data was obtained from either PGM
(upper) or MiSeq (lower). Both the c.342_844delinsAGGAGTT
mutation and the ¢.243_244insC mutation were not detected in
PGM with neither PGM-TMAP-Variant Caller algorithm nor
PGM-Novolign-GATK algorithm. Forward and reverse read
strands are shown in pink and blue, respectively. Red and blue
arrows indicate insertion and deletion positions, respectively,
which were confirmed by Sanger sequencing. The horizontal bar
indicates the deletion call, and symbols within the read strands ()
indicate insertion calls detected by either PGM or MiSeq. In (A)
and (B), the true inserted sequence depicted by ‘}” commonly
detected by PGM and MiSeq is AACTCC and G, respectively.
The DNA sequence surrounding a mutation is shown below the
IGV graphics. WT, wild type; Pt, patient.

(TIF)

Table S1 RainDance ASDSeq™ Core Research Screen-
ing Panel.

(PDF)

Table S2 Summary of SNP/indel detection with PGM
and MiSeq.

(PDF)

Table $3 Summary of target resequencing and priori-
tization.

(PDF)

Table S4 Clinical features of patients with novel SNVs.
(PDF)

Table 85 Multiple mutations detected in patients with
ASD.

(PDF)

Table 86 Comparison of PGM and MiSeq analysis cost
and expected yield.

(PDF)
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